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Abstract 
Quantum computing may still be decades away from realization but the pieces 
necessary for the construction of the first quantum chip are beginning to come 
together.  One piece still eluding researchers is the ability to address individual atoms 
within a scalable quantum chip structure.  The resolution to this issue may be found 
in any one of several promising implementations, including the use of neutral atoms 
trapped in 2D optical lattices.  One method of constructing such lattices, which has 
been shown to be computationally viable, employs the diffraction pattern just behind 
a circular aperture.  Laser wavelength stability plays a crucial role in this approach, 
which entails constructing a 2D optical lattice with an array of pinholes, populating 
the lattice with atoms collected by a magneto optical trap (MOT), and manipulating 
the atoms trapped within the lattice structure for quantum computations.  
Experimental work was done toward achieving the laser wavelength stability required 
for these tasks.  First, we investigated inadequate temperature control of the laser 
diodes and a thermal mass issue attributed to the laser mounts was resolved.  
We proceeded to analyze the electronics of the laser locking feedback system, 
which were failing to hold the lasers steady at a desired wavelength.  Several noise 
sources contributing to signal instability were identified and eliminated, but drifting 
of the error signal was persistent.  A subsequent fix was then made to the locking 
electronics and sufficient laser wavelength stability was demonstrated when atoms 
were trapped for the first time in the Cal Poly MOT on September 2, 2011.    
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1   Introduction 
Even as binary electronic computing devices continue to advance steadily 
forward toward greater and greater computation potential [1], their replacement has 
already been envisioned in the formerly science fictional idea of the quantum 
computer.  By exploiting the strangeness inherent to quantum physics, researchers are 
beginning to put together the fundamental pieces that will allow computing to jump 
from the classical to the quantum mechanical realm and from the bit to the qubit.  
The qubit of quantum computing, short for “quantum bit”, can have many physical 
implementations, but in its simplest terms, it is defined as a two-level quantum 
system [2].  Therefore, a qubit can have two distinct values such as 0 or 1, as with 
an electronic bit, but the qubit can also exist in a state of superposition which allows 
it to have both values simultaneously.  The ultimate gain of computing power that the 
qubit represents over the bit is still unknown, but a surprising result of quantum 
information theory is that the additional state of the qubit will not simply decrease 
computation times for information processing tasks by a standard amount.  Rather, 
some tasks will be performed with little gain, while others will be sped up 
exponentially or may even be impossible on a classical machine in spite of further 
advancements [3].  
Several variations of the qubit have now been experimentally achieved, as 
well as many of the necessary quantum gates, which are logic gates that operate on a 
small number of qubits.  However, there is still a long road ahead before a successful 
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physical implementation of quantum computing is realized and general guidelines for 
such an implementation have been defined by DiVincenzo as the following five 
requirements [3]: 
1. A physical implementation of quantum computing must be a scalable system 
with qubits that have physical parameters which can be known accurately. 
2. For the purpose of quantum error correction and the necessity for known 
values at the start of a computation, qubits must be initializable to a standard 
state, analogous to zeroing out a set of bits. 
3. Since a qubit cannot be completely separated from its environment, its 
decoherence time, or the time in which the effects of the environment will 
disrupt the state of the qubit, must be much longer than the time it takes for 
the qubit to complete an operation within a quantum gate. 
4. A physical implementation of quantum computing must include a “universal” 
set of quantum gates, consisting of all possible single qubit gates and at least 
one two-qubit entangling gate, with which all possible quantum algorithms 
can be constructed. 
5. In order to obtain the result of a quantum computation, there must be a 
method of physically measuring each specific qubit without unintentionally 
affecting the state of other qubits in the system. 
One proposed implementation that seeks to meet these requirements may be 
experimentally achieved using neutral atoms trapped in an optical lattice [2], where 
each trapped atom serves as a qubit in the quantum equivalent of an electronic chip.  
Typically, these systems employ trapping alkali atomic species such as rubidium (Rb) 
under ultra-high vacuum (UHV) [4].  The atoms are laser cooled to the 100 μK range 
within a magneto-optical trap (MOT) [5]. Using these techniques, trapping atoms 
within a three-dimensional (3D) optical lattice has been demonstrated, but in order to 
address atoms individually using focused laser beams, two-dimensional (2D) lattice 
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structures are currently the most effective configuration.  
A promising approach to the 2D optical lattice has been 
computationally shown to be viable using the diffraction 
pattern produced immediately behind a circular aperture with 
incident laser light.  The resultant pattern of alternating dark 
and bright spots is shown in Figure 1.  Depending on the laser 
detuning employed in the trapping of the atom sample, which 
can either be red-detuned where the frequency of the laser 
light is slightly less than the resonant frequency of the atomic 
species used or blue-detuned where the laser light has a 
slightly greater frequency than that of the atomic resonance, 
either the bright spots (red-detuned) or dark spots (blue-
detuned) can be used as three-dimensionally confined traps.  
A 2D array of circular apertures can then be constructed with 
appropriate spacing such that there is one trapped atom per 
aperture and individual atom sites can still be resolved within 
the resultant 2D optical lattice [7].  The frequency, and therefore wavelength, stability 
of the laser beams used for both the atom trapping and cooling necessary for this 
implementation plays a major role in its success.  For large detunings, small 
fluctuations in the trapping beam frequency may not be sufficient to cause atoms to 
fall out of their potential wells; however, the state of the atoms may be disturbed 
which could alter any quantum computations in progress.  More sensitive to 
Figure 1: 
Diffraction pattern 
produced immediately 
behind a 25-μm 
diameter aperture with 
780-nm incident light. 
Relative intensity is 
normalized to the 
intensity incident upon 
the aperture with the 
ratio Sz/S0, where Sz is 
the intensity at a 
distance z and S0 is the 
intensity at the aperture. 
[6] 
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frequency fluctuations than the trapping beam are the laser beams used for cooling 
the atoms in the MOT.  Very small fluctuations in these beams can cause a severe 
drop in the population of atoms within the MOT, therefore diminishing the number 
of atoms available to fill the traps.  For use with Rb, these red-detuned beams must be 
stable at approximately 10 MHz less than the frequency of the F=2 to F’=3 hyperfine 
transition of the D2 line (5
2
S1/2 → 5
2
P3/2) of 
 87
Rb; thus, the frequency stability 
requirement of these beams is approximately 1 MHz for a beam frequency of 
(3.85 x 10
14
) MHz, which corresponds to a wavelength of 780 nm. 
In this paper, experimental work toward achieving this frequency stability, and 
therefore wavelength stability, is discussed.  Section 2 describes the theoretical basis 
for the required laser diode wavelength stability factors, as well as the related 
feedback and locking systems necessary for the construction of a MOT and 
eventually a 2D optical lattice using circular apertures as a means of neutral atom 
quantum computing with Rb atoms.  In Section 3, the results of the experimental 
work toward the required laser diode wavelength stability is presented with both 
stability factors that have been met and the status of those with issues that have not 
yet been resolved.  
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2  Theory of Laser Wavelength Locking and Stabilization 
2.1  Overview of Laser Diodes and Controller 
There are four lasers employed as part of the experimental system, which are 
controlled with Thorlabs ITC502 Laser Diode Combi Controllers.  One of these lasers 
has been constructed using the HL7851G laser diode manufactured by Hitachi with a 
maximum optical power output of 50 mW and the remaining three lasers employ a 
more powerful component, the GH0781JA2C laser diode produced by Sharp with a 
maximum optical power output of 120 mW.  Under typical operating conditions, 
both laser diodes will output light with a peak wavelength of approximately 785 nm.   
2.2  Overview of Laser Locking Feedback System 
In order to lock the lasers at a desired wavelength for experimental use, 
the lasers must first be tuned across a Rb absorption line to allow for utilization of 
a Rb-based dichroic-atomic-vapor laser lock (DAVLL) setup.  Once the lasers are 
properly tuned, the schematic shown below in Figure 2 describes how the beam is 
manipulated in order to provide feedback for laser wavelength stabilization. 
 The tuned laser beam is first incident on a beamsplitter which directs 
approximately 5% of the beam into the feedback system.  A polarizer is then used to 
achieve a linearly polarized beam, which is a superposition of the two circular 
polarizations σ+ and σ-.  The resultant beam then passes through a Rb vapor cell 
which sits within a series of permanent magnets.  This configuration applies a 
longitudinal magnetic field to the vapor cell and induces Zeeman splitting of the 
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Rb ground state, which shifts the energy states according to their magnetic quantum 
numbers.  Due to the Zeeman effect and the selection rules of quantum mechanics, 
the σ+ photons are now resonant at higher energies than without the magnetic field 
and the σ- photons are resonant at lower energies.  As a result, the Rb absorption 
spectra for the σ+ and σ- polarizations are shifted with respect to each other.  The 
difference between these two absorption spectra is then used to generate an error 
signal that functions as the laser locking feedback.  More information regarding 
the generation and use of this error signal is provided in Section 3.3.1. 
 
Figure 2:  Schematic for a dichroic-atomic vapor laser lock 
(DAVLL);  Note that in the experimental setup 
used, the “Solenoid” has been replaced with 
permanent magnets [8] 
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In order to capture the difference between the two shifted absorption lines, a 
quarter-wave plate is used to convert the two circular polarizations of the beam into 
two orthogonal linear polarizations.   These two linear polarizations are then 
separated by a polarizing beam splitter and detected individually by one of two 
photodiodes.  The two shifted absorption lines measured by the photodiodes are 
then subtracted electronically to yield an anti-symmetric error signal.  The locking 
electronics can then be used to lock the wavelength of the laser at any zero voltage 
crossing of this error signal.  The electronics accomplished this by feeding any 
deviation of the error signal from zero voltage back to a piezoelectric stack (PZT). 
This PZT expands or contracts to move a diffraction grating in the laser assembly by 
a fractional distance in order to restabilize the laser output at the desired wavelength.  
More information regarding the experimental implementation of the feedback system 
is provided in Section 2.3.3.  
2.3  Laser Wavelength Stability Factors 
2.3.1  Current 
The laser diodes used have a minimum threshold current in the range of 
30-45 mA and a maximum current of approximately 165 mA.  The Thorlabs ITC502 
Laser Diode Combi Controller is able to hold the current supplied to the diodes stable 
within ±0.01 mA of the desired value within this operating range.  The wavelength of 
light emitted is known to be affected by the current supplied to the diode, but the 
stability of ±0.01 mA maintained by the laser controller is assumed to be sufficient 
8 
 
for the system if proper temperature control and grating stabilization have been 
achieved.   
2.3.2  Temperature 
The effect of the case temperature of a laser diode on its lasing wavelength is 
shown below in Figure 3 from the specification sheet for the HL7851G laser diode 
manufactured by Hitachi.  An equivalent plot was not available for the GH0781JA2C 
laser diode produced by Sharp, but the diodes are similar enough that the plot 
provides a reasonable estimate for its behavior, where the lasing wavelength trends 
upward linearly with increasing temperature.  
 
Figure 3:  Plot of Lasing Wavelength vs. Case Temperature 
from the specification sheet for the Hitachi 
HL7851G laser diode  
Temperature control for both types of laser diodes is achieved by two 
separate systems.  The general temperature of the laser diode and supporting structure 
is maintained by the flow of chilled water through plastic tubing within the laser’s 
containment using a Thermo Scientific NESLAB RTE 7 refrigerated bath, which 
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achieves a temperature stability of ±0.01 °C.  Fine temperature control and overall 
stability is then attained using the Thorlabs ITC502 Laser Diode Combi Controller.  
The stability requirement of this fine control is that the resistance measured by the 
Thorlabs TH10K thermistor is stable within ±1 Ω of the desired temperature.  This 
resistance does not translate linearly to a temperature in degrees Celsius as shown 
below in Equation 1 [9]; however, within ±2500 Ω of a standard operating resistance 
of 15000 Ω (~16 °C), this temperature stability represents approximately ±0.0015 °C.  
      
          
       
 
  
      
      (Equation 1)   
T(R):  Temperature in degrees Kelvin for a measured resistance R 
T0 = 298.15 K:  Nominal temperature (typically 298.15 K = 25 °C)   
R0 = 10000 Ω:  Nominal resistance for Thorlabs TH10K thermistor at temperature T0 
Bval = 3900 K:  Energy constant for Thorlabs TH10K thermistor material (GE Type: D9.7A)
1
 
 
2.3.3  Grating 
The wavelength tuning and additional stabilization of the laser is achieved by 
use of a diffraction grating that can be rotated by a piezoelectric stack (PZT) based on 
deviations from zero voltage of the error signal.  A model of the diffraction grating 
mount is shown below in Figure 4, where laser light is incident on a reflective 
diffraction grating in a Littrow configuration [8].  Such a configuration enables first 
order (m=1) laser light of the desired wavelength according to the grating angle to be 
                                                 
1
 The Bval or “Beta value” for the Thorlabs TH10K thermistor was obtained from the Thorlabs technical staff who provided the 
following datasheets: Material Type D9.7A [10], NTC Thermistors: Type MS [11], NTC Thermistor Engineering Notes [12].   
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reflected off the diffraction grating and directed back into the laser cavity.  This 
feedback will increase the population of photons within the cavity at the desired 
wavelength (near the natural wavelength of the lasing material) and therefore 
stabilizes the output beam of diffracted (m=0) laser light at that wavelength.   
 
Figure 4:  Diode laser with diffraction grating mounted in a 
Littrow configuration; Adapted from drawing 
provided by K. Christandl [8] 
The grating is mounted on an aluminum arm which can be actuated both 
vertically and horizontally.  Vertical adjustments are achieved by loosening or 
tightening a screw on top of the mount, and horizontal adjustments are made either 
using the adjustment screw on the back of the mount or applying a voltage to the 
piezoelectric stack (PZT) positioned between the screw and the arm.  The PZT used 
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in the grating system is the AE0203D08F manufactured by NEC.  This component 
has a length of (10.0 ± 0.1) mm with no applied voltage, and its length displacement 
is specified as (6.1 ± 1.5) μm for the recommended drive voltage of 100 V.  This 
translates to a length displacement per volt of approximately (0.061 ± 0.015) μm/V.  
The maximum operating voltage for use in the laser feedback system is ±12 V.  
Assuming that similar length displacement will occur at this lesser voltage, then the 
maximum length displacement of the PZT will be (0.73 ± 0.02) μm.  In order to find 
the change in wavelength per volt associated with this displacement, the Grating 
Equation below must be applied to the geometry of the mount and the characteristics 
of the experimental setup used, where   is the grating spacing,    is the angle of the 
incident beam normal to the grating,  is the order of diffracted light,   is the 
wavelength of the diffracted light, and    is the angle of the diffracted beam normal 
to the grating. 
                        (Grating Equation) 
The Grating Equation can be further simplified since the grating is mounted in 
a Littrow configuration, as shown below in Figure 5, where the incident angle    will 
be equal to the angle    of the first order (m=1) diffracted beam.  The simplified 
equation is then: 
             (Equation 2) 
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Figure 5:  Littrow configuration [8] 
 Applying the geometry of the mount as shown in Figure 4 (b) and the 
characteristics of the experimental setup used to this simplified Grating Equation 
(Equation 2), the change in the incident angle    per volt can be determined as 
follows, where the length   is 60.0 mm as measured from the pivot of the mount arm 
base to the PZT, the angle   is the angle of the mount arm opening for a displacement 
of the PZT, and   is the approximate PZT displacement per volt which was calculated 
to be (0.061 ± 0.015) μm: 
           
   
 
 
        
             
            
                      
 Using a wavelength    equal to 780.0268 nm [13] for the D2 transition 
(5
2
S1/2 → 5
2
P3/2) in 
87
Rb as the basis for an initial incident angle   , the approximate 
value of    with the PZT displacement resulting from the application of one volt is 
found using the simplified Grating Equation as follows, where the grating spacing   
is (5.56 x 10
-4
) mm for a line density of 1800 grooves/mm: 
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Again, using the simplified Grating Equation (Equation 2), the approximate 
change in wavelength per volt is then: 
                              
                                                                
Therefore, neglecting nonlinear effects within the system and assuming the average 
width of the error signal is 100 mV, the estimated effect of the noise of the error 
signal on the laser wavelength stability would be in the range of  ±(8.3 x 10
-5
) nm, 
or in terms of frequency, ±41 MHz.  
3  Experimental Work Toward Laser Wavelength Stability 
3.1  Overview of Experimental Work 
Two major systems were investigated as contributors to the laser wavelength 
stability issues observed in the four lasers of the experimental setup.  Poor 
temperature control of the laser diodes was identified and the corresponding thermal 
mass issue in the laser temperature control feedback system was resolved.  After 
achieving acceptable temperature control, wavelength stability issues were still 
observed in the lasers.  An investigation was then conducted into the effectiveness of 
the components in the DAVLL feedback system, particularly the electronic locking 
boxes that control the grating adjustments for locking the laser at a particular 
wavelength.  The investigation yielded evidence of what was later found to be caused 
by a missing resistor in the circuitry of the locking electronics.  This minor fix was 
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made to the locking boxes and the lasers are now operating within the wavelength 
stability requirements of the experiment.  Previous to these investigations, additional 
experimental work was accomplished toward the construction and monitoring of a 
vacuum chamber for use in the magneto-optical trap of the experiment.  Information 
on some of these aspects can be found in other sources [4,5,14]. 
3.2  Laser Diode Temperature Control 
3.2.1  Components of the Temperature Control System 
The temperature control system for each laser consists of a Thorlabs ITC502 
Laser Diode Combi Controller connected to two Laird Technologies CP08,127,06 
thermoelectric coolers (TECs), a Thorlabs TH10K thermistor in proximity to either 
a Hitachi HL7851G or Sharp GH0781JA2C laser diode, and a Thermo Scientific 
NESLAB RTE 7 refrigerated bath that pumps chilled water through a heat sink 
located beneath the TECs.  The front panel of the Thorlabs ITC502 Laser Diode 
Combi Controller is shown below in Figure 6.  The left-hand side of the controller 
allows for setting and displaying temperature related data; however, temperature data 
in units of °C are not available for display when using the Thorlabs TH10K 
thermistor and conversions from units of kΩ must be made using Equation 1.  Values 
of particular interest for testing are TACT for viewing the actual temperature (kΩ), 
TSET for setting the desired temperature (kΩ), and ITEC-LIM for setting a limit for the 
current (A) supplied to the TECs.  The front panel also allows for changing the PID 
settings of the temperature control using the three potentiometers on the bottom left. 
15 
 
 
Figure 6:  Thorlabs ITC502 Laser Diode Combi Controller - Front Panel [9]  
3.2.2  Ideal Thermal Settling With PID Control 
The PID settings on the Thorlabs ITC502 Laser Diode Combi Controller 
allow for optimization of the thermal settling behavior of the TECs when a target 
temperature is set.  Following the procedure outlined in the controller manual, 
adjustments are made to the P-share (proportional), D-share (derivative), and then 
I-share (integral) over various TSET settings ranging ±2°C from the ambient 
temperature.  If the PID optimization is successful, ideal system settling behavior 
similar to Figure 7 below should be seen, where the system makes only three to four 
overshoots of the target value (shown in red) before settling into a steady state. 
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Figure 7:  Ideal System Settling Behavior with PID Control [15] 
3.2.3  Temperature Control Testing with LabVIEW 
In order to capture data from temperature control testing, a modified 
LabVIEW program was used to interface with the Thorlabs ITC502 Laser Diode 
Combi Controller remotely via a GPIB connection.
2
  The control panel for the testing 
program is shown below in Figure 8 and the block diagram from the program can be 
found in Appendix A.  From the program control panel, the following parameters can 
be set: the full path of a file to be used for writing temperature data, the number of 
milliseconds to wait between temperature readings, the current supplied to the laser 
diode including an offset to compensate for a slight difference between the remote 
setting and actual current, and the TSET (kΩ) value for setting the target temperature.  
                                                 
2
  The LabVIEW Laser Temperature Monitoring Program was modified for specific testing parameters from a temperature 
control program authored by Andrew Ferdinand and Grant Rayner (2009). 
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Figure 8:  LabVIEW Laser Temperature Monitoring Program – Control Panel 
 Using this program, temperature control testing was conducted under various 
conditions.  Baseline temperature readings were obtained over a 24 hour period to 
determine fluctuations in the ambient room temperature, which were approximately 
(21.5 ± 1.5)°C.  Attempts at achieving ideal thermal settling behavior were then made 
by running tests with the laser current set at approximately 100 mA, the Thermo 
Scientific NESLAB RTE 7 refrigerated bath set to 15.0°C, and a progression of 
varying TSET and ITEC-LIM settings.  The TEC current limit (ITEC-LIM) was progressively 
varied from 35 mA to 1 A, and typical target temperature (TSET) variations were 
approximately (15 ± 2)°C or (15.5 ± 1.5) kΩ.  The PID optimization procedure was 
also attempted, but settling behavior was not observed and consistent oscillation 
patterns occurred.   
(a)   (b)  
Figure 9:  Typical Temperature Control Oscillations 
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Figures 9 (a) and (b) above show the oscillations typically seen.  Here, a test 
was conducted with the TECs on for approximately seven hours with TSET set to 
15.355 kΩ, ITEC-LIM set to 25 mA, and the duration between temperature readings set 
to 1500 ms.  It was determined that these oscillations would indicate an infinite 
settling time and a possible issue with the amount of thermal mass the TECs were 
attempting to regulate.  Observations of the actual current supplied to the TECs were 
made in subsequent tests.  The results indicated that both the thermistor and laser 
controller were functioning properly but the thermal mass was indeed the issue.  
The current supplied to the TECs was properly reversed as the laser temperature hit 
the target; however, the ability of the TECs to reverse the heating or cooling process 
was insufficient to stabilize the thermal mass at the target temperature.   
A side view of the full laser mount configuration is shown below in Figure 10.  
As seen in this schematic, the TECs must regulate the temperature of the laser and its 
base plate, as well as a 0.5 inch aluminum spacer plate.  It was further hypothesized 
that the observed thermal mass issue might be resolved by replacing this aluminum 
spacer plate with an alternative that would conduct thermal transfer from the TECs 
on a shorter time scale. 
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Figure 10:   Laser Model – Side View;  Adapted from 
drawing provided by K. Christandl [8] 
 Several metal plates of varying thickness were available for testing as 
alternatives to the 0.5 inch aluminum spacer, including a 0.032 inch thick copper 
plate and two thinner aluminum plates of thicknesses 0.032 inch and 0.060 inch.  
Thermal settling behavior was observed with the two 0.032 inch plates but a steady 
state at the target temperature took up to twelve overshoots and several minutes to 
reach.  Encouraged by the improved thermal control of the thinner plates, it was 
suggested that the aluminum laser mount might be placed directly on top of the TECs.  
(a)   (b)  
Figure 11:  Ideal thermal settling with direct contact between laser 
mount and TECs; Mount stabilized with plastic spacer. 
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This direct contact approach yielded the desired thermal settling behavior as 
shown above in Figure 11; however, the laser mount could not be safely tied down 
to the TECs without a new spacer.  A plastic spacer was then designed and fabricated 
that allowed the laser mount to be in direct contact via thermal compound without 
compromising the stability of the mount as a whole or endangering the TECs.
3
  
In addition, this approach enabled the laser beams to remain essentially at the same 
height since the plastic spacer only added a minimal displacement and the original 
aluminum spacer could be placed between the heat sink and the TECs without much 
detriment to the system.  The final laser mount with plastic spacer is shown below in 
Figure 12. 
 
Figure 12:  Final laser mount with plastic spacer; Note that the TECs are 
located beneath the plastic spacer but are not visible. 
 
                                                 
3
 Plastic spacer was designed by Grant Rayner and fabricated by Bert D. Copsey.  
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3.3  Laser Locking Feedback System 
3.3.1  Error Signal Generation and Usage 
As described in the laser locking feedback system overview in Section 2.2, an 
error signal is generated by the dichroic-atomic-vapor laser lock (DAVLL) setup for 
use in locking a laser at a desired wavelength.  An example of error signal generation 
using a Rb vapor cell is shown below.  Figure 13 (a) shows a Doppler broadened 
absorption signal as it would be detected by either photodiode in the DAVLL setup 
when no magnetic field is present.  Figure 13 (b) shows the two shifted signals from 
each photodiode resulting from the Zeeman effect when a magnetic field is applied to 
the Rb vapor cell.  Finally, the locking electronics in the DAVLL system generate the 
error signal shown in Figure 13 (c) by outputting the difference of the two Zeeman 
shifted signals.  Any zero voltage crossing of this error signal can then be used to 
stabilize the grating in order to lock the laser output. 
           (a)                                                                               (b)                                                                  
         
                                                      (c)                                                                                                                                  
 
Figure 13:  Error signal generation with a DAVLL setup and Rb vapor cell [16] 
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 The energetic transitions shown below in Figure 14 (a) correspond to the 
wavelengths of interest for use in this experiment.  There are two transitions used, one 
for trapping the atoms in the MOT and one for pumping atoms up to an appropriate 
energy level for trapping availability in the MOT.  In order to accurately lock the 
laser output at one of these transitions, saturated absorption spectroscopy is employed 
to identify the individual peaks of the 
87
Rb spectrum.  The saturated absorption 
spectrum for the trap transition (F=2 to F’=3) is shown in grey in Figure 14 (b) and 
the spectrum for the pump transition (F=1 to F’=2) is also shown below in grey in 
Figure 14 (c).  More information on the saturated absorption spectroscopy setup and 
laser detuning can be found in other works [14,16].  Once the desired transition is 
identified, the error offset option of the locking electronics is then used to manually 
move the grating until a zero voltage crossing of the error signal aligns with that 
transition.  The grating lock can then be engaged and the locking electronics will 
apply any deviations of the error signal from zero voltage to the piezoelectric stack 
(PZT) in order to move the grating back into position for the desired wavelength.  
The error signal and the corresponding zero voltage crossings are shown in black in 
Figure 14 (b) for the trap transition and Figure 14 (c) for the pump transition.  In the 
case of the pump transition shown in Figure 14 (c), the first zero voltage crossing on 
the left is used.  
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 (a) 
 
       
(b) 
       
 
(c)      
      
Figure 14:  (a) Hyperfine structure for 
87
Rb and zero voltage crossings 
of the error signal for use in locking the laser wavelength 
at either the (b) trap transition or (c) pump transition [16] 
 
3.3.2  Laser Lock Testing and Signal Noise Identification 
 For use in the experiment, three independent DAVLL setups are required; 
therefore, three identical electronic locking boxes were built for this purpose.  When 
testing of the laser locking system began, the focus of the investigation was on these 
electronics with two primary goals: identify any differences between the locking 
boxes and investigate the cause of a discrete voltage increase on the error signal when 
the grating lock was engaged.  Toward the first goal, a difference in the grating 
voltage ramp timing was identified.  It was determined that an appropriate ramp cycle 
length that could easily be implemented on the boxes was 85-88 ms, and the fix was 
made accordingly.  Regarding the discrete voltage increase on the error signal that 
was observed when locking the laser, a capacitor was identified that was thought to 
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be the cause.  As a possible fix, the capacitor C31 in the “GRATING LOCK” section 
of the schematic shown in Appendix B was shorted on one of the boxes by replacing 
the switch SW3 with a jumper and adding a switch back in just before the resistor 
R32.  Testing of the fix confirmed that the sudden voltage increase was indeed caused 
by the capacitor.  The fix was made on all three boxes, but significant drifting of the 
error signal over time was then observed when the grating lock was engaged.  It was 
hypothesized that the error signal drift could be the result of a noise source which 
could be identified and eliminated.  An investigation to that end was then conducted 
using an Agilent Technologies MSO7014B oscilloscope to analyze a variety of 
possible signal noise contributors, including the grating itself, external light sources, 
and other emf sources such as cables and cellular phones.   
 Given the wide range of noise sources that could be contributing to the error 
signal issues, the ability of the oscilloscope to apply a real-time fast Fourier transform 
(FFT) to any channel input was utilized in an attempt to identify the frequencies of 
the largest noise contributors.  Figure 15 (a) through (c) below are representative of 
this identification process, where the ramp signal is shown in pink, the error signal is 
shown in purple, and the FFT of the error signal is the line of ridges at the top of the 
graphs in either purple or pink. 
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(a)                                                                                        (b) 
     
                                                (c) 
 
Figure 15: (a) Unramped error signal with an FFT peak at 2.179 kHz   
            (b) Ramped error signal with FFT peaks at 17 Hz, 654 Hz, 2.176 kHz 
            (c) Unramped error signal with an FFT peak at approximately 500 Hz 
Figure 15 (a) and (b) above were both taken on the same day with nearly the 
same ambient noise profile, but several persistent FFT peaks were identified and 
categorized by process of elimination.  It was determined that the ramping cycle as 
shown in Figure 15 (b) contributes to the error signal in two frequency ranges at 
approximately 20 Hz and 600 Hz.  Both Figure 15 (a) and (b) also show a FFT peak 
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in the 2.2 kHz range that was present whether or not the ramp was engaged.  
Such contributions around the 2 kHz range were identified as light incident on the 
photodiodes from external light sources:  a television monitor, an LCD computer 
monitor, and the screen of the oscilloscope.   
Figure 15 (c) was taken at an earlier date and represents a noise source that 
was never identified.  During several testing cycles a random disturbance of the error 
signal would occur periodically in bursts that would cycle every few seconds and 
peaked in the 500 Hz range.  This occurred with the ramp off and regardless of 
whether the grating lock was engaged.  However, error signal drifting of 
approximately 5 mV was observed when the grating lock was engaged.  This would 
indicate that the unknown source might contribute to the error signal drift issue, but 
due to its randomness it was ruled out as the primary contributor. 
The next investigation conducted was into the effect of physical ringing of the 
grating when the voltage ramp is engaged.  Figure 16 (a) below shows the ringing at 
the beginning of a ramped signal with a good transition curve.  Since the ringing dies 
down and the grating offset can be used to effectively isolate the desired transition 
curve from the height of the ringing, it was determined that the physical ringing of the 
grating was unlikely the cause of the voltage drift.  However, it was discovered that 
the instability of the grating when the ramp was engaged could be significantly 
increased by even slight touches to the outer laser case.  Figure 16 (b) shows the 
effect on the ramped error signal when a screwdriver was gently held against the side 
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of the access hole on the top of the plastic laser case.  Figure 16 (c) shows a 
significant increase in the noise on the ramped error signal when the screwdriver was 
simply moved up and down.  These findings warranted determining a better method 
of tying down the laser case to the optics bench, and after the fix was implemented, 
increased stability of the ramped error signal was observed. 
                                                (a)  
 
(b)                                                                                           (c) 
               
Figure 16: (a) Ramped error signal with good transition   
            (b) Flat portion of ramped error signal with physical disturbance 
            (c) Flat portion of ramped error signal with greater physical disturbance 
 Further investigations were made into possible contributions to the width of 
the unramped error signal.  Changes in the error signal width were observed when a 
variety of cables and connectors were manipulated, including power cords and BNC 
connections.  Figure 17 (a) and (b) below represent the narrowest and widest 
unramped error signals, respectively, achieved during testing.  The unramped error 
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signal shown below in Figure 17 (a) has a width of 55 mV and was the result of 
touching a BNC connector for a photodiode output to a metal shelf.  Figure 17 (b) 
shows the result of touching the BNC connector for the error signal output to a 
different metal shelf and a signal width of 285 mV was achieved.  From the 
calculations in Section 2.3.3, the change in wavelength per volt of the error signal is 
(8.3 x 10
-4
) nm.  Therefore, the 55 mV width of the error signal in Figure 17 (a) 
corresponds to a range of (4.6 x 10
-5
) nm or 2.3 MHz.  Likewise, the 285 mV width 
in Figure 17 (b) represents a range of (2.4 x 10
-4
) nm or 12 MHz.  Since the trap laser 
must be red-detuned 10 MHz from the transition, noise on the error signal on the 
order of that shown in Figure 17 (b) represents a serious threat to the trap stability 
of the MOT.  However, the drifting of the error signal did not appear to correlate 
significantly with the changes in signal width. Therefore, the cause of the drifting 
issue continued to be unknown.    
    (a)                                                                                          (b)                                                                    
      
Figure 17: (a) Narrowest unramped error signal achieved – 55 mV   
            (b) Widest unramped error signal achieved – 285 mV 
Additional tests with other emf sources such as cellular phones were 
conducted, and while the error signal was affected to varying degrees, the primary 
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contributor to the error signal drift issue was never identified.  It was not until 
investigations were conducted beyond the scope of this project that the cause of the 
error signal drift issue was identified as a missing resistor in the “GRATING LOCK” 
circuit of the lockbox electronics.  The fix required the addition of the resistor labeled 
in red on the circuit diagram in Appendix B, as well as the reinsertion of the shorted 
capacitor C31, in order to complete the non-inverting integrator circuit required for 
successfully locking the laser output.
4
 
4   Conclusion 
Steps toward the successful construction of the first quantum computing chip 
are slowly being made and neutral atoms trapped in 2D optical lattices represent a 
promising approach to solving the issue of addressing individual atoms within a 
scalable chip structure.  One potential method of constructing such 2D optical lattices 
utilizes the diffraction pattern just behind a pinhole.  We performed experimental 
work toward achieving the laser wavelength stability required by this method for use 
in constructing the 2D optical lattice, populating the lattice with atoms collected by 
a magneto optical trap (MOT), and manipulation of trapped atoms for quantum 
computations.  Laser diode temperature control issues were first investigated and we 
successfully resolved a thermal mass issue attributed to the laser mounts.  We then 
analyzed the electronics used to precisely lock the lasers at a desired wavelength.  
Several external noise sources on the error signal used by the system for grating 
                                                 
4
 The grating lock fix was identified and implemented by David Roberts. 
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stabilization were identified and eliminated; however, an error signal drift issue 
remained unresolved.  Additional investigations were then conducted beyond the 
scope of this project and the cause of the error signal drift was identified as a missing 
resistor in lockbox electronics circuitry.  The laser locking system is now functioning 
with sufficient stability and atoms were successfully trapped in the Cal Poly MOT for 
the first time on September 2, 2011.  Future work will include construction of the 
apparatus to transfer trapped atoms from the MOT to a 2D optical lattice within the 
vacuum chamber.   
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Appendix A:  LabVIEW Laser Temp Monitoring Program - Block Diagram
5
 
 
                                                 
5
  The LabVIEW Laser Temperature Monitoring program was modified for specific testing parameters from a temperature 
control program authored by Andrew Ferdinand and Grant Rayner (2009). 
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Appendix B:  Locking Electronics Circuit Diagram [16] 
6
 
 
                                                 
6
 The grating lock fix was identified and implemented by David Roberts. 
